Abstract: A direct and sensitive method for the determination of vanadium concentrations in soil is developed using ultrasonic slurry sampling electrothermal atomic absorption spectrometry (USSSETAAS). The surfactant, KO300G, is used as the stabilizing agent. The precision and accuracy of the method are investigated. The detection limits are 0.6 and 0.7 μg l −1 for SRM Montana Soil 2711
Introduction
In this work, we focus on the determination of vanadium concentrations in soils. Vanadium is the least studied element among the transition elements that exist in the natural environment. However, it plays an important role in biochemistry [1] , and it is an environmental pollutant [2] . Vanadium is the most abundant element in the earth's crust and comprises an average of about 150 μg g −1 of soil [3] . It is widely distributed in the environment, concentrating mainly in mafic rock and shales. Some of the important com- * E-mail: danutaba@amu.edu.pl mercial uses of vanadium include its use in iron alloys, primarily in construction steel, production of tool and die steel, and high strength titanium and aluminium alloys. Vanadium catalysts are extensively used for the production of sulfuric acid and aniline black [4] . Despite the increasing use of powerful multi -element techniques such as inductively coupled plasma optical emission spectrometry (IC PAES) and inductively coupled plasma mass spectrometry (IC PMS), electrothermal atomic absorption spectrometry (ETAAS) is still the method of choice for a wide variety of applications, especially when only one or few trace metals are analysed. Solid samples are normally digested before analysis, but because soils can be easily ground into a fine powder, this type of sample can also be introduced as a suspension, thereby omitting the tedious decompositon step. Several elements, including Cr [5] [6] [7] [8] , Cd [6, 9] , Ni [5, 6, [10] [11] [12] , Pb [6, 8, 9, 13] , Co [6, [10] [11] [12] , Sb [14] [15] [16] , As [6, 16] , and Se [18] have been analyzed using electrothermal atomic absorption spectrometry with the introduction of soil as slurry into the atomizer (SS ETAAS). Relatively little has been reported on the determination of vanadium [6, 7] by SS ETAAS, however. The importance of vanadium in biochemical applications and its contribution to the pollution of the environmental necessitate the development of simple methods for the detection and analysis of this element in a variety of environmental samples.
The purpose of this work is to study the applicability of slurry -sampling ETAAS for the determination of vanadium in soils. The method is verified using both a solid certified reference material and conventional wet digestion samples.
Experimental

Instrumentation
A Varian SpctrAA plus atomic absorption spectrometer equipped with an GTA -96 graphite furnace with autosampler was used. Graphite tubes with a pyrolytic graphite coating with preinserted pyrolytic L'vov platforms were employed. A vanadium hallow cathode lamp (V HCL) was used as a the source of radiation. The analytical signals were measured in an integration mode. The instrumentation parameters and operation conditions are listed in Table 1 .
Slurries were homogenized using an ultrasonic processor, Sonopuls Germany with a 3 mm titanium probe, allowing for the automatic agitation of the slurry. Samples were weighed using an electronic balance (RADWAG). The radius distribution was determined using Dynamic of Light Scattering (DLS) [19] , where a laser beam is focused onto a region of the fluid and is scattered into a detector. The experimental setup consisted of an argon ion laser (Spectra physics, USA, λ = 488) and a digital correlator, ALV -5000 E (ALV, Langen). 
Reagent and standard solutions
Ultrapure water was obtained by passing tap water trough a reverse osmosis system (Milli -Q water System, Millipore). Nitric acid (analytical -reagent grade) was obtained from Merck (Darmstadt, Germany). The surfactant, Rokacet KO300G was obtained from Rokita (Brzeg Dolny, Poland).
The surfactant, Rokacet KO300G (x ,yR = 12 -16, R -oxyethylene partial glycerides of coconut oil fatty acids were used for preparation of slurries).
Vanadium stock standard solution, 1000 μg ml −1 was purchased from Merck (Darmstadt, Germany). A 6 % slurry of polytetrafluoroethylene (PTFE) was used. The addition of PTFE not only prevents the formation of refractory carbides and eliminates memory effect, but it also markedly decreases matrix effects and influences the particle size of the samples. All glassware was kept in 10 % nitric acid for least 48 h and subsequently washed three times with ultrapure water before use.
Materials analysed
The analysed materials were SRM Montana Soil 2711 (NIST), SRM Soil S -1 (Faculty of Physics and Nuclear Techniques, University of Mining and Metallurgy, Laboratory of Radiometric Analysis, Kraków) and ten real soil samples from the Wielkopolska region.
The real samples were dried in a dryer with forced air circulation at 105
• C and then, carefully grounded in an agate mortar to a uniform dust. Then the samples were sieved through a nylon sieve of the mesh size of 0.2.
Preparation of the slurry
Slurries were prepared by weighing 10 -200 mg of powdered homogeneous material into clean 5 ml PFA containers, after which 3 ml 0.5 and 5 % nitric acid were added. Similary, slurries were prepared in a KO300G surfactant medium by adding 3 ml of 0.6 % surfactant in 0.5 and 5.0 % HNO 3 medium. The slurries were homogenized by ultrasound (power setting, 40 W), and the agitation time was 15 s. In all instances, volumes of 20 μl were introduced into the atomizer. The optimized temperature programme and instrumental parameters used are given in Table 1 . Three slurries were prepared for each sample and they were analyzed in sixplicate. Quantitative analysis was performed using peak area measurements. Standard additions calibration was obtained using Montana Soil 2711 slurry, while normal calibration was obtained using aqueous standards.
Results and discussion
Optimizing slurry preparation
As discussed in depth by Miller -Ihli [20] , the reliability of the results obtained using slurry methodology is related to the slurry preparation procedure. In order to improve the reproducibility in preparing the suspensions, a number of experiments were carried out. Firstly, the densities of the samples were measured and found to be within the 2.45 -2.80 g ml −1 range. Next, the fraction of sample dissolved in the suspension medium was also measured; for the seven samples studied, it was within the 42 -52.2 % when using the 0.6 % KO300G surfactant suspending medium and about 20 % higher when using the second medium. Finally, the particle size distribution of the samples was studied using sieving. Several suspensions containing 10 -50 mg ml −1 solid sample were prepared in 0.6 % KO300G surfactant suspending medium. Figure 1 presents the results of the slurry stability tests expressed as a relative dependence of the lead absorbance signal on time.
The first measurement is performed immediately after agitation, and the results are presented as 100 %. The absorbance signal decreases and stabilises at different levels of absorption, depending on the medium in which the slurry was prepared. The relative absorbance signal decreases over time, and after 15 min., the relative absorbance is 90.5 % for vanadium in the 0.6 % KO300G surfactant medium and 45 % for V in the 0.6 % KO300G surfactant with 5 % HNO 3 medium. Using the 0.6 % KO300G surfactant medium reduces the sedimentation rate after the slurry agitation is stopped (to permit sampling). A representative sample was obtained, where a change in slurry medium viscosity was observed. In the case of KO300G surfactant, an increase in the viscosity of the medium did not result in the increased risk of contamination. In numerous studies of the subject, continuous agitation is used for soil slurries containing high density particles. [21, 22] . The particle size (width, height and area) is determined using of Dynamic Light Scattering (DLS) [19] . The results obtained for two certified reference materials and two real samples of soil are shown in Figure 2 . For the two certified reference materials the particle diameter varies from 100 to 730 nm (the mean value for CRM Montana Soil 2711 is 290 nm) and 150 to 950 nm (the mean value for CRM Soil S -1 is 615 nm), whereas for the real samples of the two soils, particle diameters were similar (the mean values are 487 nm and 352 nm). 
Optimization of ETAAS temperature programme
Platform atomization is used for the determination of vanadium concentrations. Temperatures are optimized using a 1 % suspension prepared from the CRM Montana Soil 271 sample. A minimum ramp time of 1s for the drying step follows, and the hold time and final temperature are studied. These parameters are affected by a large number of factors, including the volume of the sample injected, the mass of soils introduced into the furnace, the physicochemical properties of the sample, the performance of the instrument used, and the temperature of the cooling water. When 1 % suspensions are prepared in the presence of the 0.6 % KO300G surfactant suspending medium, the ashing temperature can be raised to 1025
• C and maintained for 15 s without any noticeable deterioration in reproducibility or any signs of sputtering. A 6 % slurry of polytetrafluoroethylene (PTFE) is used as a modifier for the vanadium determinations in the soil samples. PTFE is used to remove silica from the soil sample because this results in severe matrix effects [18] . The results of the experiments performed to study the influence of the ashing and atomization temperature on vanadium are summarized in Figure 3 . When a pyrolysis temperature of 1025 • C and an atomization temperature of 2925 • C are used, the background signal is reasonably low, which is a prerequisite for the application of a deuterium background correction. An important approach to increasing the sensitivity adopted in our study is the use of a cool down step before atomization. In this way, sample atomization occurs under more isothermal conditions. We twice observed a significant impact on the absorbance signal using a 20
• C cool down step.
(A) (B) Fig. 3 The effect of the charring temperature on the relative signal for (A) aqueous V solution, (B) slurry CRM Montana Soil 2711sample.
Effect of slurry concentration
The concentration of the slurry suspensions and the amount of suspension injected into the atomizer are important factors. When the concentrations of the slurry and the mass of slurry injected into the atomizer are high, the matrix affects the absorbance signal to such an extent that it may not be possible to determine the analyte of interest. Therefore, it is necessary to optimise the concentration of slurry prepared and the volume injected into the atomizer. Table 2 summarizes the results obtained of the CRM Montana Soil 271 sample, as different volumes of the same sample are injected. Mean values are lower for higher slurry concentrations. Table 2 The relationship between the pipetted volume of slurry and the sample mass used to prepare 1 ml of soil slurry (total volume injected fixed at 20 μl using 0.6 % KO300G). a Correction made for each volume injected and sample mass absorbance x 10 3 / mg x total volume (µl) / volume injected (µl).
Calibration and standard additions graphs
The standard addition method was also used to investigate the effect of the matrix on the analyte absorbance signal by comparing the curve obtained with the corresponding curve for an aqueous calibration. To obtain the calibration data, appropriate volumes of KO300G surfactant are added to standard aqueous solutions containing vanadium at concentrations between 0 -10 μg l 
were Q A is the integrated absorbance and c is the vanadium concentration. These equations were calculated taking into account the random variation of all the measurements included in the calibration at a 95 % confidence level, and the contribution was negligible. The slopes of the standard addition curve and the calibration curve based upon aqueous standards were similar -any differences were not significant.
3.5 Limit of detection (LOD), limit of quantification (LOQ) and characteristic mass (m 0 )
The sensitivity of the method is based upon three parameters: the limit of detection (LOD), the limit of quantification (LOQ), and the characteristic mass (m o ). The limit of detection and quantification were 0.6 and 1.9 μg l −1 , respectively, for SRM Montana Soil 2711 and 0.7 and 2.1 μg l −1 , respectively, for CRM Soil -S.
The characteristic mass, m o , is defined as the mass of analyte in picograms required to give a signal of 0.004 s for the integrated absorbance. The results obtained were 75.2 and 82.7 pg for SRM Montana Soil 2711 and SRM Soil -S, respectively.
Applications
The results of the two CRM samples and the ten real soil samples are shown in Table 3 . The Student's test was applied at the 95 % confidence level, and the results are all within the specified limits of confidence, when compared to the certified values. The results of the slurry sampling method are comparable to those obtained with conventional ETAAS method using wet digestion. Content vanadium in 10 soil samples from the Wielkopolska region is below average. There is wide variation in the vanadium content of soils from 3 to 230 mg kg −1 (average 90 mg kg −1 ) [23] .
Conclusion
Direct determination of vanadium concentrations by ultrasonic slurry sampling electrothermal atomic absorption (US SSETAAS) is a convenient method for analysing the vanadium in soil samples. The method has an adequate sensitivity and good precision for the determination of vanadium at the low levels present in soil samples. Using KO300G surfactant as the stabilizing agent reduces the sedimentation rate after slurry agitation is stopped. The results are in good agreement with the certified values. Aqueous calibration and the slurry -sampling method proposed can be applied to determine vanadium in soils. 
